In this work we demonstrate that the field emission characteristics of disordered Si-doped diamond-like carbon (DLC) thin films depend not only on properties of the conductive clustered sp 2 phase and the insulating sp 3 matrix (or sp 2 /sp 3 ratio) but also on the presence of Si-H n and C-H n species in the film. The presence of such species reduces the hardness of the film and simultaneously enhances the field emission performance. A turn on electric field (E TOF ) of 6.76 V/mm produced a field emission current density of 0:2 mA/cm 2 , when an electric field of 20 V/mm was applied. The Fowler-Nordheim (FN) tunneling model is appropriate to explain the field emission mechanism only within limited range of the current density. However, it is found that there is an apparent crossover between space charge limited current (SCLC) and the Frenkel effect due to impurities incorporated during the fabrication of Si-DLC films. This combined effect (SCLC + Frenkel) allows for the emission of electrons from the top of the reduced barriers due to the formation of comparatively soft DLC:Si films. The emission also occurs through tunneling from one conductive cluster (sp 2 C=C) to another separated by an insulating matrix (sp 3 C-C) after reducing the effective depth of a trap on application of high electric field. #
Introduction
Since the 1990s electron field emission (EFE) of carbonbased materials has been widely investigated with a view of producing stable and cheap cold flat cathodes. Practical fieldemitter applications from diamond-like carbon (DLC) and related films have experienced a great impetus due to their unique properties such as: high hardness, excellent chemical inertness, atomic-level smoothness, low friction coefficient, excellent abrasion resistance, high thermal conductivity and optical transparency. The field emission occurs at high fields; one forms a cathode in a needle shape so that the electrons can be emitted at low voltage. The negative electron affinity (NEA) of certain hydrogenated surfaces plays an important role 1) and the effect of different surface terminating species can greatly affect the emission characteristics.
2) However, since most of the results from low field emission experiments are from poorly characterized surfaces it is evident that NEA is not solely responsible for the emission process. There are many different mechanisms involved as the electrons travel from the negative end of the power supply through the various interfacial contacts through the bulk of the film itself to the film surface, then tunnel through the potential barrier, propagate through the vacuum gap, before finally reaching the anode. The exact nature of the mechanisms occurring at each step in this process and the way in which they interact is still not well understood. The two basic models for carrier injection at a metal-insulator interface or a metal surface are Schottky emission and Fowler-Nordheim (FN) injection. 3) In both models, a potential barrier is created at the interface corresponding to the energy difference between the conduction band of the insulator and the Fermi level of the metal. In Schottky emission, carriers are injected over this barrier, whereas in the FN case, carriers tunnel through the barrier. In the most current literature on field induced emission from DLC films, the current-voltage relation is simply fitted to a FN model and a good fit has been taken as evidence that the process occurring is cold field emission. A question mark, therefore, hangs over the validity of using the FN model for DLC films and also, therefore, over whether the dominant emission mechanism is really cold field emission at all. The PooleFrenkel (PF) 4, 5) conduction is a different bulk process based on space charge limited current (SCLC) 6) that relies on the significant number of defect or impurity sites. The charge carriers reside on these defect sites and when the sites are close together then the wave functions of the charge carriers are overlapping and allow the carriers to ''hop'' from one site to another. If the defect sites are too distant then the hopping mechanism cannot keep up with the applied field and the PF current can become SCLC. 7) Apart from this model, different other models have also been proposed on electron field emission based on the mechanism of chemically modulated work function of carbon films including the negative affinity, 1, [8] [9] [10] antenna effect of conducting channels, 11) impurity gap states, 12, 13) band bending at depletion layers 14) and surface dipole formation 15) but all these models accomplished by field emission and/or reduced threshold field remain largely unexplained. [8] [9] [10] [11] [12] [13] [14] [15] In this work we have studied the electron field emission characteristics of Si-doped DLC films (including harder and softer-films), containing H and Si with sp 3 content up to $60%. No information has been reported on the field emission study of Si-doped DLC films. The results presented in this work are discussed with the help of the most wellknown FN and hence we elucidated the mechanism that comprises of a combined model of SCLC + PF for Si-doped DLC films.
Experimental Methods
The Si-doped DLC films were deposited on Si-substrates by the plasma enhanced chemical vapor deposition (PECVD) method using tetramethylsilane [Si(CH 3 ) 4 , TMS] flow (0 -40 sccm) as a Si-precursor along with Ar (10 sccm) and C 2 H 2 (20 sccm) at constant bias voltage (V b ) 400 V. Details of the film preparation and their different microstructural and optoelectronic properties are discussed in our previous reports. [16] [17] [18] [19] Electron field emission characteristics were performed using a Keithley 237 power supply. The cathode voltage was applied by an analog programmable 1.0 kV power supply under computer control and the measured emission current was logged at each voltage. The measurements were carried out under a low 10 À6 Torr ambient pressure. The movement of the anode tip (1 mm diameter) was measured digitally and the gap between emitter and collector was confirmed by optical microscope. During the measurements the anode and cathode distance in the field emission system was fixed at 200 mm, which is the thickness of the micro-glass spacer used to isolate the cathode from the anode.
The electrical resistivity, , was measured on selected samples by means of the four-probe dc-current technique. Current reversal was used to minimize the effect of spurious contact voltage. The temperature dependence of was tracked below room temperature by allowing proper temperature equilibrium at each datum point prior to measurement of the resistive voltage. Electrical contact to the sample surface was achieved using high-purity gold wire affixed with conducting epoxy.
Results and Discussion
The electron field emission current density as a function of applied electric field (J-E A curves) for Si-doped DLC films grown using TMS flow rates within the range 0 -40 sccm (i.e., having different Si at. %) are shown in Fig. 1 . No emission is observed at a low TMS flow rate of 5 sccm, then the current density (J) shows an enhancement over the range of 10 -20 sccm, reaching a maximum at $20 sccm and then upon further increase of TMS flow it decreases, with no emission been observed at 40 sccm. The emission current density (J) of all films estimated at the applied electric field (E A ) of 20 V/mm are presented in Table I for comparative purposes. It is observed that the best emission occurs at a TMS flow of 20 sccm and being %0:2 mA/cm 2 at E A ¼ 20 V/mm. The turn on field (E TOF ) of the electron field emission was obtained from a linear extrapolation of the FN curve in the high E A region. The curve was plotted in the form of lnðJ=E A 2 Þ vs (1=E A ) following the FN field emission equation 20) as follows:
where J is the current density, E A is the applied electric field, is the effective emission barrier, is the field enhancement factor, A, B are constants and their values are 1:4 Â 10 À2 and 6:8 Â 10 9 , respectively, and E TOE is defined as the field at which J exceeds 0.1 mA/cm 2 . The E TOF of all these films are obtained from the Fig. 1 (b) and are given in Table I . It is found that the E TOF decreases with increase of TMS flow up to 20 sccm (E TOF % 6:76 V/mm for this film). Further increase of TMS flow up to 30 sccm causes an increaes on E TOF (decrease of J) and above 30 sccm no emission was observed. Decrease of E TOF indicates an enhancement of electron field emission. In addition, according to the FN plot, the slope m [given in eq. (1)] would represent the combined effect of work function and enhancement of local electric field () and is given by m ¼ ÀðB 3=2 Þ=, using ¼ 4:7 eV for the work function of DLC, 21, 22) the field enhancement factor was calculated from the slope of the F-N plot. The enhancement factors are 3:5 Â 10 4 and 1:9 Â 10 4 , respectively for the films prepared at TMS flow 20 and 15 sccm, respectively. In general, the sp 2 -content acts as a source of emission sites resulting in low E TOF , but in the present case highest emission occurs for the films deposited using TMS flow of 20 sccm; which have the lowest sp 2 -content (see Table I ). This result indicates that the mechanism of the field emission is different in the present case. In our previous reports [16] [17] [18] we have observed that the sp 2 -content obtained from X-ray absorption near edge structure (XANES) decreases (increase of sp 3 -content) with increase of TMS flow during deposition and in the present study with the same manner, E TOF decreases, i.e., J is increases. The relationships between sp 2 -content and turn on field (E TOF ) with TMS flow are plotted in Fig. 2(a) ; whereas the decrease of J (increase of E TOF ) with increase of hardness is shown in Fig. 2(b) . This figure indicates that the softer-films are good field emitters of electrons. The I D =I G ratio obtained from Raman spectra changes as a function of the flow rate in the same manner as the E TOF (see Table I ). These results confirm that the structure and hence the electron field emission is not only due to the presence of sp 2 -or sp 3 -clusters (and/or I D =I G ratio) but also due to other species present in the film structure like Si-H n , C-H n , and so on (see Table I ). Comparatively higher film hardness hinders the movement of sp 2 -or sp 3 -cluster and reduces the electron conduction path and hence electron field emission. It is suggested that the presence of higher amounts of Si-H n and C-H n species in DLC:Si films, enhances the electron field emission and at the same time reduces the hardness of the film structure. 16) As a consequence on application of an electric field, the wave function overlap of the clusters will result in electron delocalization 23) and/or enhanced hopping/tunneling between the clusters that enhance the connectivity. Again, our data suggest that the emission barrier of Si-DLC decreases with both increasing of the sp 3 -bond and hydrogen content in the film structure as described by Robertson 24) in the EFE mechanism of DLC films. This is also evidenced by the magnitude of the slope of the straight line fits in FN curves [ Fig. 1(b) ]. The slope of the F-N curves decreases when TMS flow increases from 10 to 20 sccm and then increases. This hints that the best emission properties will be achieved for Si-DLC films with higher sp 3 -bond content (lower sp 2 -content) implying good conduction paths leading to enhanced field emission. Again, different species (Si-H n , C-H n ) present in the film structure may also act as the surface terminating species which greatly affect the emission 25) as well as film properties. We have studied the variation of resistivity () with temperature (T) and found that the conductivity trend of the Si-doped DLC films as a function of the TMS flow rate is similar to their EFE characteristics. Figure 3 shows the -T curve for the films having TMS flow in the range of 10 -30 sccm. It is very clear that the electrical resistivity decreases, i.e., that the electrical conductivity improves with TMS flow up to 20 sccm and then decreases again. Hence, 20 sccm TMS flow films are yielding the most electrically conductive material of all the samples investigated in this work. At higher TMS flow (>20 sccm) the films become harder and field emission is reduced. We speculate that at these higher TMS flow rates, there may be the formation of higher bonding energy species like Si-O bond (8.3 eV)/Si-C bond (4.6 eV) along with C-C (3.7 eV) besides the Si-H (3.1 eV) and C-H bonds (3.3 eV), 16) that enhance the hardness of the film structure and hence reduce the field emission as confirmed by the -T behavior.
As a matter of fact, whenever discussing the field emission, the most commonly used model for the ejection of electrons from the surface is the well-known FN equation [eq. (1)]. The FN model only deals with surface effects (or at the interface between the electrical contact and the film) and the resulting fits are usually taken as the evidence of the process of cold field emission. Xu et al. 26) confirmed that the non-linearity in the FN plot originated from a transition from thermionic emission (TE) to field emission (FE) as the applied field increases, based on a unified electron-emission equation. The Schottky emission and SCLC models appear to provide much better descriptions of the overall conduction mechanism than the FN model. All these findings suggest that there is an apparent crossover in Schottky emission; SCLC models and FN behavior as the microstructure of the films changes due to the impurity incorporation in the Si-DLC film structure.
Theory
We propose that the enhancement of the field emission may be due to the different intrinsic conductive properties of sp 2 clusters embedded in the surrounding sp 3 insulating matrix. It is well known that the electric field near a single conductive dielectric sphere in an insulating matrix is increased by a factor of up to two due to the dielectric mismatch between the sphere and the matrix. It has been calculated 27) for closely spaced spheres with the conductivity of gold, an enhancement of the electric field by a factor of 56 is possible if the spheres have a separation of 5 nm. This enhancement increases as the separation between the spheres is reduced reaching a factor of 400 for a sphere to sphere separation of 1 nm. Although the conductivity of the sp 2 clusters will not be as high as that of Au, these calculations demonstrate that high enhancement factors could be obtained by considering the effects of just two conductive spheres near the surface. In this manner, the emission process of Si-DLC films could be explained as follows: the high density of defects will act to localize and attract the field lines from the anode to a thin region near the surface of the film. High field enhancement factors are present if two (or more) sp 2 conductive clusters are close to each other along with Si-H n , C-H n and/or Si and H. Once the electrons are emitted from the clusters near the surface of the film, they can be replaced by the electrons from clusters deeper within the film. Such a description aids us in explaining the non-uniform (on the nano-to microscale) nature of the emission across the surface of the film in which the local arrangement of the clusters below the surface is important. The significant mechanism is probably only the tunneling of the electrons through the potential barrier, since conduction through the film would be relatively facile. For more insulating films, however, conduction through the bulk of the film might become important and potentially rate limiting. Thus, bulk conduction mechanisms (such as SCLC), as well as mechanisms occurring at the various interfaces (such as Schottky emission) may begin to play a significant role in the electron transport. If this is true, the observed current density-electric field dependence is not based on a single model and may be the combination of two or more mechanisms along with the FowlerNordheim surface ejection model. Here we combine the SCLC and Poole-Frenkel models and explain the emission mechanism of Si-DLC films as follows:
According to the theory of SCLC between plane parallel electrodes and well known Mott-Gurney law, the current density (J) is as follows:
where, is the free carrier mobility, " the dielectric constant of the material, V the applied voltage, and L the distance between the electrodes. The current is assumed to be due to carriers of one sign only, the effect of diffusion is neglected and the mobility is assumed to be independent of the field. Equation (2) can be modified for the case of single set of traps, situated at energy A below the conduction band as shown in Fig. 4 . If f and t are the free and trap charge carrier densities in the films respectively then the proportion of total free charge is given by
where N c is the effective density of states in the conduction band, N t is the density of traps and the current density: J ¼ f E. Frenkel 29) pointed out that the presence of a strong electric field may cause the reduction of effective depth of a trap. If an electron trap is regarded as a positively charged centre at a fixed position in a structureless dielectric, then the potential energy of the electron is VðrÞ ¼ Àe
where the electric field E x is applied in the x-direction. In the absence of the externally applied electric field, the VðrÞ is zero and occurs at infinite distance from the trap. When the electric field is applied, VðrÞ is reduced on one side of the trap, as shown in Fig. 4 . The VðrÞ now has a maximum on the x-axis through the trap centre at a distance
from the trap and the value of VðrÞ at this point is,
The effective depth of the trap is considered to be reduced and consequently the proportions of free charge carriers are increased. Therefore the proportion total free charge carriers when an electric field E is applied can be written following eq. (3) as
; and V L ¼ E Therefore the SCLC in Frenkel effect can be written after simplifying eqs. (2)- (4) as
and further this equation is modified and could be written as
We have considered that the electron emission takes place over the top of the reduced barrier (E Top ) and by tunneling (E Below ) from the conductive sp 2 cluster with the impurities incorporated during deposition to another conductive cluster, separated by an insulating sp 3 matrix, after reducing the effective depth of a trap on the application of high E A . This gives the increase in probability of emission in the forward direction only. We also assumed that it has been increased by the same factor as the barrier has been decreased. This crossover from SCLC and Frenkel behavior is also evidence of percolation, whereby the conductivity of insulating materials (sp 3 -rich matrix) is increased by the modifying the material and enable them as electrically heterogeneous (conductor-insulator) composite system by the incorporated impurities. We have plotted the current density and electric field using relation (6) as shown Fig. 5 and a fit (better than FN plot) has been taken as the evidence that the process occurring is SCLC in Frenkel effect. These fittings were observed only for those films, which are comparatively softer films and may be due to more effective depth of reduced trap on applied the same E A . However, the E TOF is nearly two times lower than the results obtained from FN plots. There is no physical basis for this assumption apart from the fact that it gives zero current density at zero fields, which is realistic. For further verification, we checked the current density from J-E A plots at the low E TOF and found that the J is of the order of mA/cm 2 , which is also realistic and quite reasonable.
Conclusions
The general conclusion from this work is that the field emission behavior of the DLC:Si based film cannot be explained by a single model. The combined effect of space charge limited current (SCLC) and the Frenkel effect (SCLC + Frenkel) is used to explain the mechanism of the field emission current for the comparatively soft DLC:Si films. Indeed, findings are pointing to the multiple roles of sp 2 -bonded carbon networks with different species (Si-H n , C-H n , H, and Si), on the softness-hardness and electrical emission activity. Incorporation of ''Si'' from the TMS source in DLC film increases the emission significantly, but high level of ''Si'' reduces emission due to formation of harder films. The presence of ''H'' in the film acts as mobile species that could move around the bulk film and disappear from the surface by electron-stimulated desorption. Our studies provide an understanding for the field emission mechanisms that occurs in Si-DLC films as well as other DLC based materials. Hence, the linear plots in Fig. 5 , clearly show that the field emission mechanism of these films (DLC:Si) is strongly based on the combination effect of SCLC and the Frenkel models/mechanism.
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